The geomorphological effects ofcattle on streambanks in a humid region, which have consequent potential effects on water quality, are examined. Field observations suggest that cattle are important agents in causing streambanks to erode, but so many variables are involved that it is difficult to isolate the role of cattle. Instead, an empirical approach based on long-term controlled experiment was adopted along a small perennial stream in the Central Basin of Tennessee. The results showed that uncontrolled grazing caused about six times as much gross bank erosion as occurred on the protected control stretch. However, most of this difference was due to breakdown of banks by trampling and consequent erosion, rather than by bank scour caused by removal of bank vegetation by grazing. That is, bank vegetation alone did not appear to be a primary control. A relatively inexpensive grade-control structure reduced the gross bank erosion by about 50 per cent. The rapid destruction of streambanks observed in this study suggests that reduction of geomorphic resistance by uncontrolled stock access to streambanks has been an important factor in the stream widening that has taken place during historical time in the eastern United States.
INTRODUCTION
Earth scientists have long been aware of biological factors in geomorphological processes, and have given this topic increasing attention in recent years (Viles, 1988; Thornes, 1990) . While the role of vegetation is increasingly understood, there is relatively little literature on the role of animals (Trimble, 1988) . A question of widespread application is the erosional effects of grazing cattle on streambanks.
Cattle are legally permitted to graze, browse, trample and remain along streams in most of North America, and in fact, do so over a large proportion of the available streams. Even the casual observer can see that cattle appear to strongly affect streambank stability and earth scientists have made observations on that impact (Happ et a/., 1940) . An example of the apparent effects of cattle comes from Coon Creek in the Paleozoic Plateau of Wisconsin ( Figure 1 ). These seemingly different streams reaches are actually contiguous, one ( Figure 1A ) having been ungrazed for several years and the other ( Figure 1B ) grazed during the same period. The grazed reach shows numerous signs of cattle activity such as hoof marks and trails, and the banks appear to be quite unstable. The ungrazed reach appears stable, however, with vigorous high grass growing down to the water's edge while areas away from the water appear to be succeeding to woody plants. The whole appearance is of stability.
There is limited information about the long-term effects of cattle on the erosion of streambanks in humid climates. Most of the published research has concerned the biological effects of seasonal rangeland grazing along mountain and piedmont streams of the semi-arid western United States, where streamflow is derived largely from snowmelt (Buckhouse rt al., 1981; Clary and Webster, 1990; Kauffman et al., 1983; Kauffman and Krueger, 1984; Pogacnik, 1985,1986; Meehan and Platts, 1978; Platts and Wagstaff, 1984) . Recent work in that region has addressed the question of streambank morphology and stability (Chaney, eta!., 1990; Clary and Webster, 1989; Elmore and Beschta, 1987; Marlow, et ul., 1987; Platts and Nelson, 1985) but this work is oriented toward fish habitat and wildlife and little has been related to systematic geomorphology. Although after-the-fact empirical studies are useful in demonstrating the geomorphic effects of cattle on streambanks, one can thereby never be sure of the variables involved. In the Wisconsin example (Figure l) , one does not know what the morphology of each reach was before one area was excluded from grazing. Hewlett et al., (1969) point out the difficulties of identifying variables in uncontrolled studies, and Abrahams and Marston (1984) have made a brief but convincing plea for controlled experiments in geomorphology. The present study is a 5.8 year controlled experiment to investigate morphological differences between ungrazed streambanks and those grazed in accordance with regional management practice, intended to identify the potential effects that such grazing might have on stream sediment loads. The hypothesis was that both mechanical (hoof) erosion and bank scour would be increased by the cattle, and that significant amounts of sediment would be produced for downstream transport.
STUDY AREA
The study area is along Jenkins Creek in south-central Giles County, Tennessee, approximately 4.5 km upstream from the junction with the Elk River, which is a tributary of the Tennessee River (Figure 2) . The drainage area at the study site is 14.4km'. More than half the land is in forest with the remainder used for hay and pasture. This land use is representative of much of rural middle Tennessee. The climate procumbens) . Generally, the grazed banks have more grass than the ungrazed banks, which are more strongly shaded especially by young woody plants that flourish in the absence of browsing. The stream flows in a gently winding course through the entire study area with two exceptions, noted later, and the banks were quite stable during a 5 year observation period before the experiment began. Available information indicated that the site had not been intensively grazed for at least 20 years previous to this study.
EXPERIMENTAL DESIGN
A stream length of slightly over 600 m was divided into three subreaches: a control and two grazing treatments (Figure 2) . The treatments were allowed to continue for 5.8 years, from June 1983 to February 1989. Although the experiment was intended to last until 1991, excessive destabilization along the treated sections from high flows in early 1989 prompted an earlier cessation. The period of the experiment was characterized by below-normal precipitation ( Figure 4A ). Once the experiment was well underway, only one significant rainfall event occurred (1985, 1-2 year return period, Figure 4B ). Just before the cessation of the study two large events occurred in early 1989 ( Figure 4B ). These were 15-25 year events, but because they occurred on a wet landscape the magnitude of the two flood events may have been greater than the rainfall events suggested. There are no discharge gauges on Jenkins Creek nor does one exist close enough to serve as a surrogate.
The stream treatments were laid out with severity of treatment increasing downstream. This order was to minimize the possibility that sediment from bank erosion might itself cause some channel destabilization by creating channel bars that might deflect flows against otherwise stable banks. The control reach was 90m long and was the farthest upstream (Figures 2 and 5). Shortly before the experiment began, young trees and brush were cut to make the control hydraulically similar to the grazed floodplains, but most stumps resprouted during the course of the experiment. Mature trees similar to those found in the treated areas were left. The area was then fenced at a distance of 2-3 m from the bank edge. Growth of grass on the banks was eventually suppressed somewhat by the shade of the unbrowsed low growth of bushes and young trees. Treatment 1 represented unlimited access to the creek by cattle during all seasons. It look place along a 330 m stretch and was farthest downstream. Only very light grazing had been permitted in the 4 years before the experiment began. The treatment was part of a 80 ha beef cattle farming operation and as many as 30 cows were in and along the creek at one time. The cattle operation was run by a local farmer who was not told of the experiment so that he would not be tempted to change his normal operations. The typical farmer of the region, as in most of the eastern United States, tends to run as many cattle as possible and to give them unlimited access to streams, as allowed in treatment 1. The treatment 1 reach has two pronounced bends, but the vulnerable banks were protected by rip-rap to eliminate the additional variable of cut banks on outside bends, as discussed by Renard (1988) . Treatment 2 ( Figure 6 ) was just as treatment 1 but this 170m reach is in a channel pond, dammed at the lower terminus by a stone dam about 1 m high. The entire reach is slack water at normal flow. The additional question addressed here is the effect of a relatively inexpensive grade-control structure in mitigating the damage done by cattle. Treatments 1 and 2 both had mature trees growing on or near the bank which provided shade and root reinforcement for much of the banks. Some earlier stream studies have suggested that trees and their root systems are important in stabilizing stream banks (Graf, 1979; Gregory and Gurnell, 1988; Hickin, 1984) . Indeed, the official policy of the U.S. Department of Agriculture (USDA-SCS, 1991) is to encourage the planting of trees on floodplains to prevent scour. However, Zimmerman rt al. (1967) hypothesized, based on width/depth ratios, that sodded banks were more stable than wooded ones.
The lengthy course of the experiment highlighted two fairly distinct types of streambank erosion that appeared to be attributable to cattle. The first was a direct effect: the mechanical breakdown of the banks from trampling and consequent erosion. In this process, cattle layed bare and disaggregated small areas, making them especially vulnerable to erosion from overbank flows. The removal of material allowed deeper, more concentrated local flow resulting in increased erosion, a positive feedback. This occurred at sites along the stream where cattle entered and left, features which I termed 'ramps' (Figure 7) . The second type of erosion was an indirect effect: hydraulic streambank scour on vertical bank sides, termed here 'bank scour' to distinguish it from the scour that occurred in the ramps and is discussed later. It seemed reasonable to hypothesize that bank scour would be increased by cattle because they tend to remove the protective vegetation on the banks. All observed erosion was by direct fluvial entrainment of individual particles and small clasts. No mass movement or slumps were observed for any of the three treatments.
MEASUREMENT OF CHANNEL CHANGES
The original experimental design included five profiles in each section surveyed to third-order standards. Late in the study, however, it became apparent that the profiles were inadequate to measure the channel changes ( Figure 3) . As it happened, the erratic distribution of ramps would have required too many cross-sectional profiles to be practicable. Fortunately, the distinctly excavated quality of the ramps made it possible to measure them by considering the area covered and the excavated depth below the surrounding unaffected areas. Thus, it was possible to measure quite accurately the entire population of ramps rather than depending on a sample. Bank scour, however, was problematic. Scour from the near-vertical bank faces was usually less than 200 m in thickness on the affected areas x E 100 mm), making it difficult to measure with profiles using standard surveying techniques. Moreover, erosion pins were deemed unsuitable at the outset because so many would be required and because they might affect the erosive process. Also, there was the danger of cows being injured by an erosion pin protruding from the bank. Instead, bank scour was measured after the fact by examining bank retreat from around roots and root crown of plants, especially small bushes and trees, with a total of 81 observations divided almost equally among the three stream reaches. This was possible only because most such erosion occurred at the end of the experiment, so that recently exposed portions of roots often had a slightly different colour and texture compared to those portions that had been exposed for a longer time. Although this is a subjective measurement and can result in an unknown degree of error, this is probably much less than by normal survey, even with many profiles.
RESULTS
Although the control incurred no trampling damage (Table I) , it was surprising that it experienced bank scour comparable to the treated reaches. However, scour was relatively minor in all three cases. As already indicated, bank scour occurred in two large discharge events (probably 3 10-25 year return period) just before the end of the experimental period. These two events occurred after an extended period of winter precipitation so that the banks were quite wet and thus more vulnerable to erosion (Wolman, 1959) . Hooke (1979) found that peak discharge and antecedent moisture of banks were the primary natural variables of bank erosion. Although this relatively high scour erosion of the control banks was initially puzzling, it now appears that woody plants, which ordinarily protect the banks at lower discharges, can become a source of turbulence near the bank at high discharges, causing erosion. A similar phenomenon has been observed on South Texas flood plains (V. R. Baker, personal communication, August 1989) and in Vermont (Zimmerman et al., 1967) . Moreover, as banks erode and more large roots are exposed, there may be a positive feedback due to local turbulence, which increases bank erosion at high discharges (Thorne, 1990) . This situation was presumably exacerbated by the resprouting woody vegetation (stems), which should create more turbulence than herbaceous cover. Moreover, the low partial canopy of woody plants on the control reach eventually shaded the banks and apparently reduced grass cover, which, by at least one account, is the most erosion-resistant vegetation (Zimmerman ec a/., 1967). In contrast, most of the uneroded grazed banks, with a high partial canopy, retained their grass cover. Treatment 1, as expected, experienced serious trampling erosion (Table I ). In this reach of 330 m, there were 23 ramps which ranged from 0.5 to 8 m wide, although 16 of the 23 were 3 m wide or less. Although the cattle continued to use a ramp once it was established, they also continued, throughout the time of the experiment, to establish new ramps and to enlarge older ones (Figures 7 and 8) . The only constraint to their breaking down the banks was the presence of a tree or large tree roots on the banks, which the cows generally avoided. Thus, banks left unbroken are those well-armoured by fine tree roots and they did not, therefore, tend to suffer rapid erosion. Fine roots are especially effective in protecting wooded banks (Smith, 1976; Hickin, 1984) , but, the root zones of some poorly rooted trees, such as the red cedar, once exposed are more likely to be scoured by high discharges (Figure 8 ). Seasonality of erosion was not determined in this study because it would have required continuous measurements throughout the study, a situation that was not possible. During the warm months (especially July-September), when banks were generally dryer and stronger, the cattle spent much time in and around the creek. Other studies have found the same pattern (Bryant, 1982; Marlow and Pogacnik, 1986) . In addition to the effectiveness of trees in stabilizing banks with their root systems, it is probable that trees also play a role, through transpiration, in kceping banks dryer during the growing season (Thorne, 1990) . In the colder months, when banks were likely to be wetter and weaker, cattle spent less time in and near the creek, but floods appeared much more erosive, especially in ramps.
Although ramp formation can be effected by direct and mechanical means on sloping banks, most Figure 8 . Treatment I . The ramp was created to the upstream (right) side of the centre tree, a cedar. Subsequent scour during high discharge events promoted undermining of the tree. Additional erosion occurred due to overland flow from the heavily grazed slopes above (in background). The layer of sediment in the ramp was deposited by a lesser streamflow t )ent, but was later removed by subsequent above-bankfull flow. The ramp between the two trees to the left acted as a scoop to deflect water onto the floodplain during flows of bankfull or above material is removed by the stream itself through hydraulic action once the ramp is formed. During high flows ( 2 bankfull), ramps appeared to accelerate velocity and to create local eddies and turbulence ( Figure 9 ).
Additionally, locally high water may flow up and through some ramps onto the floodplain, from where the flow can re-enter the stream through a downstream ramp, especially when the ramp has penetrated the natural levee ( Figure 9 ). Ramps with their opening oriented diagonally upstream are particularly effective in diverting water onto the floodplain because they act as a scoop. Ramps were further eroded by this process of flow ingress and egress from the channel, but no data could be collected to show the respective proportions of downcutting that resulted from trampling damage and from stream erosion.
Ramps presented yet another opportunity for erosion when they were located adjacent to a heavily grazed hillslope. Even during moderate storms, overland flow cascaded down the slope and through the ramps, creating additional erosion (Figure 8) .
Surprisingly, treatment 1 experienced no more bank scour than the control reach. There appear to be two mutually inclusive explanations for this. The first, as explained earlier, was that major bank scour appeared to have occurred during the two large discharge events near the end of the experiment. For the treated areas, the cattle had suppressed or removed much of the vines and brush along the banks, so that they were hydraulically smoother and thus would not have created the local turbulence hypothesized in earlier discussion of the control. Moreover, these banks were more likely to have grass cover than the control. The second explanation is one of accounting: 10 per cent (66 of 660 m) of the bank in treatment I had been broken down into ramps. Although most of these areas appeared to have scoured during large events, any removal was measured under the mechanical trampling heading. If the 66 m of bank had not been formed into ramps and had been scoured at least at the same average rate as the unramped banks of treatment 1, a situation that appears likely, the bank scour in treatment 1 would have been slightly greater than the control. Even with comparable bank scour, the total erosion rate from treatment 1, as a result of ramp formation, was over six times greater than the control (Table I ). An interesting aspect of the relationship of trampling damage and stream discharge is that moderate stream discharges (< bankfull or z 1.5 year, annual series) appear to replace part of the material lost in the ramps and thus rebuild the banks (Figure 8 ). Until this material becomes stabilized by compaction or vegetation, or both, it is susceptible to erosion by higher discharges. This is consistent with the general geomorphological theory that very large discharges tend to enlarge a stream channel, while more moderate discharges tend to rebuild it into a size adjusted to equilibrium with the overall flow regime (Wolman and Miller, 1960) .
Treatment 2 experienced less than half the total erosion rate of treatment 1, but still almost twice that of the control. Both trampling and scour were reduced as compared to treatment 1 (Table I ). The reason for the latter appears to be related to reduction of channel slope with commensurate decreases of streampower, but reasons for the former are not clear. Perhaps the cows preferred the shallower, faster-flowing water of treatment 1 to the deeper water of treatment 2, and thus spent more time in the treatment 1 area. Additionally, the pond (originally impounded in 1979) had partially filled with coarse sediment (largely chert gravel, Figure  3A ), so the vertical distance from the stream bottom to the top of the banks was generally less, making the banks less vulnerable.
The original research design with surveyed profiles included provision to test for significant differences between the different treatments. The non-random quality of ramp location made statistical testing questionable, but the differences in ramp erosion between the treated and control reaches are large enough to be convincing in any case. In the absence of more rigorous statistical tests, an elementary chi-square test was applied to the differences between the values for bank scour alone, the null hypothesis being that there no difference between treated and control reaches. Thus, Ho is rejected at the 10 per cent level but not at the 5 per cent level. This weak differentiation underlines the problems of causation assignment discussed earlier.
CONCLUSIONS

1.
Cows are important geomorphic agents in the fluvial environment. The grazed streambanks in this study appeared to erode about three to six times faster than ungrazed streambanks, at least in the timescale of this study. Most of the damage results from the cattle breaking down the bank for access to the creek (ramps). These ramps can then be further eroded by high streamflows and by overland flow from adjacent hillslopes. The increased erosion rate from grazed, as compared to ungrazed, streambanks is about 0.04 m3 m yr-' . This suggests that the net erosion rate per kilometre of grazed streambank was about 40 m3 yr-' for the period. While some of this eroded material will be deposited on downstream floodplains or aid in rebuilding downstream banks, much would add to downstream sediment yields. It might also create downstream channel bars, thus deflecting flow onto otherwise stable banks.
With streamside grazing being so widespread, the implications to downstream water quality are important. With some assumptions, a very provisional approximation of this effect is attempted here. First, note that the data from the study apply to a channel of a particular size and for only a few years. If it is assumed that the 14.4 km2 catchment of Jenkins Creek has 20 km of channels eroding at the same rate, as found in this study, an annual total of 800m3 (40m3 km-' x 20 km) of sediment is produced. Assuming a bulk specific gravity of 1.4, the total mass produced would be 1220 tonne per year. Average annual depth of runoff for the region is about 65 cm (Gebert et al., 1987) . Thus, the estimated average sediment loadings from bank erosion would be about 120 mg 1-' . Note that this is probably a conservative estimate because it does not include many kilometres of smaller channels for which there are no data, but which are presumably eroding at a lower rate than measured in this study, nor does it include fine channel materials set into motion by wading cattle. It also does not include solid fecal matter deposited directly into the stream.
2. Exclusion of cattle did not appear to reduce streambank scour (as defined here) in the experiment. Indeed, the ungrazed portion suffered about as much bank scour, but much (perhaps most) of it appears to have occurred as a result of two large events at the end of the experimental period. It may be that with higher water velocity, the additional woody vegetation of the ungrazed section induced more turbulence near the bank, causing more erosion. This suggests that the woody bank vegetation does not necessarily increase resistance to erosion. During the smaller events, however, the same vegetation may create a more quiescent local environment, thereby protecting the banks. Thus these banks may be more likely to accrete during smaller, channel-forming events, so that the scour loss recorded in this study for the control may be exceptional. A longer study might therefore show significant differences between grazed and ungrazed segments. Field observation suggests that this is the case.
3. Where streambanks are grazed, grade control structures, such as low dams, might mitigate both mechanical damage and streambank scour. The reasons for the latter seem to be related to reduction of stream velocity and stream power as a function of channel slope reduction, but reasons for the former are not clear. Although similar structures may not be a universal ameliorator to cattle damage in riparian areas (Elmore and Beschta, 1988) , they do appear to mitigate such damage locally, where cattle traffic may be unavoidable.
4.
Ramps were susceptible to further erosion during high discharges, but smaller channel-forming discharges partially replaced material previously lost (Figure 8) . Most of this replacement material was destabilized by further trampling and removed by subsequent high flows, but exclusion of the cattle would presumably allow the damaged banks to be repaired by smaller flows over a longer period of time. This recovery process would be especially aided by the establishment of herbaceous cover in the ramps.
The original intention was to conduct a second phase of the experiment, wherein cattle would be excluded and the bank would be allowed to recover by the natural processes of deposition and revegetation. However, the two high flows early in 1989 further eroded the ramps to a severe extent, as described in treatment 1, and emergency treatment in the form of rip-rap was installed to stabilize the ramps. The acceleration of flood scour of the ramps at the end of the study may give an indication as to what would happen during a series of wet years, or if there were systematic, long-term increases in stream response (as a result of land use) and thus of geomorphic force.
5. Although longer than previous studies, this study provides only a geomorphically short-term view of the problem for the described environmental conditions. Any extrapolations beyond the conditions stipulated should be performed with extreme care. A theoretical consideration of the problem, however, would indicate that streambank erosion would decline with much longer periods of time. That is, channels would not continue to widen indefinitely.
It is especially important to note that changes described in this study have occurred even in the absence of greater or more frequent stream discharges, a situation that appears to have obtained in the investigation of Clary and Webster (1990) . This would have strong application, for example, to the upper Mississippi River hill country, where Kay (1973) , Knox et al., (1975) and Trimble (1975a, b) have proposed force-based models based only on increased stream response from upland agriculture to account for historic tributary channel erosion.
